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MORE YOUNG GIRLS TRAIN FOR competitive sport today than ever before (51) . However, the influence of training on girls' physiological responses to exercise remains poorly understood, due to a relative lack of research in this population compared with adults and boys (34) .
In prepubertal girls, the peak value for pulmonary oxygen uptake (V O 2 ) is generally reported to be increased following training (e.g., Refs. 32, 34, 40) , but there are exceptions to these findings (52, 59, 60) . The only studies that have investigated pubertal girls are in direct disagreement, with early studies showing significant improvements in relative peak V O 2 (7, 44) , but a more recent study reporting no change (49) . The explanation for this discrepancy in pubertal girls is unclear, but may be related to the pooling of data from boys and girls (44) , despite the possibility that training status differences are sex dependent (33) , or the inclusion of participants from a wide range of ages and maturity stages (7), or with different baseline fitness levels (44) . In the study of Rowland et al. (44) , the participants were described as predominantly obese, a condition that would be expected to predispose these participants to greater influences of training, especially when peak V O 2 is expressed relative to body mass. Alternatively, or additionally, the discrepancy between previous studies may be related to a disparity in the training and testing modalities. Specifically, a number of studies employed a training regime with one exercise modality, yet tested participants using a different modality (49) . The issue of test specificity is especially pertinent to pediatric studies due to the smaller training-induced adaptations compared with adults (36) . An age group in which there is a stark lack of research is the early postpubertal age group, i.e., 16-to 18-yr-old girls. Indeed, to our knowledge, there are no studies reporting the influence of training status on girls' physiological responses to exercise in this age group.
An elevated peak V O 2 in trained children has generally been attributed to an enhanced peak stroke volume (SV), and, consequently, peak cardiac output (Q ) (30, 33, 43) , effects that may be associated with functional and/or morphological adaptations to the myocardium. Although morphological adaptations are more commonly reported (3, 30, 40) , evidence of a different SV response pattern in trained children may also be indicative of functional myocardial adaptations (42) . It is pertinent to note that no studies are currently available that have investigated the influence of training on the cardiovascular responses to exercise of pubertal girls. The increased peak V O 2 in trained girls may alternatively be related to enhanced muscle fractional oxygen (O 2 ) extraction. However, no influence of training has been reported in prepubertal children (30, 33, 45) or pubertal boys (41) . No information is available regarding the effects of training on muscle O 2 extraction in pubertal girls. The deoxygenated hemoglobin signal ([HHb] , where brackets denote concentration) from near-infrared spectroscopy, which appears to reflect muscle fractional O 2 extraction (e.g., Refs. 14, 19) , has been shown to be influenced by training status, demonstrating a rightward shift during incremental exercise in trained adults (5) . It has been suggested that this is indicative of differences in muscle O 2 delivery and/or muscle fiber-type distribution or recruitment (5) .
The interaction between the influence of training status and sexual maturity remains largely unknown, although a relationship may be expected due to the more favorable hormonal milieu present beyond puberty (12, 54, 63) . The presence of a "golden period" or maturational threshold has been discussed for nearly 30 years without resolution (22) , with some studies suggesting that the influence of training increases with sexual maturity (23, 28, 35) , and others reporting no relationship between the two variables (13, 57).
The purpose of the present cross-sectional study was to investigate the influence of, and interaction between, training status and sexual maturity on the cardiopulmonary and metabolic responses to ramp incremental exercise in intensively swim-trained and untrained girls. Since swimming has been considered to be a predominantly upper body sport, two exercise modalities, one upper (arm crank) and one lower body (cycle), were used to address concerns regarding the commonality of muscles recruited during training and testing. We hypothesized that significantly higher peak values would be evident in the trained girls' pulmonary gas exchange and cardiovascular responses in all three maturity groups. Furthermore, we hypothesized that the trained girls would exhibit altered SV and [HHb] response patterns to incremental exercise: specifically that the SV response would be more linear and the [HHb] response shifted to the right relative to untrained girls. Finally, we hypothesized that the magnitude of difference between trained and untrained girls would increase with increasing maturity and be larger during upper than lower body exercise.
METHODS

Participants and anthropometry.
In total, 21 [11 trained (T) and 10 untrained (UT)] prepubertal (Pre), 30 (14 T and 16 UT) pubertal (Pub), and 18 (8 T and 10 UT) postpubertal (Post) girls participated in this study. The Pre and Pub T girls were competing at British regional or national level, with the majority of the T Post girls competing at international level. The T Pre girls had been training for a mean of 2.5 Ϯ 1 yr and reported a mean training volume of 14 Ϯ 3 h/wk. The T Pub and Post girls had been training 5 Ϯ 1.5 and 8 Ϯ 2 yr, respectively, with training volumes of 18 Ϯ 4 and 22 Ϯ 3 h/wk, respectively. All of the T girls trained and competed throughout the swimming season, which runs ϳ50 wk/yr. The age-matched UT girls were volunteers from local schools who reported little regular physical activity and limited recreational sports participation. Sexual maturity was assessed by self-report using the indexes of pubic hair described by Tanner (50) .
An anthropometric evaluation was performed before the first test for all participants. Standing and seated height were measured to 0.1 cm using a Holtain stadiometer (Holtain, Crymych, Dyfed, UK), and body mass was determined using Avery beam balance scales to 0.05 kg (Avery, Birmingham, UK). Skinfold thickness was assessed three times at five sites around the body (bicep, triceps, subscapular, suprailiac crest, and thigh) by the same researcher for all participants using Harpenden callipers (Baty International, Burgess Hill, UK), accurate to the nearest 0.2 mm. The mean of the three measurements was taken. Percent body fat was subsequently estimated based on the equations of Slaughter et al. (48) .
Participants were asked to arrive at the laboratory in a rested and fully hydrated state, at least 3 h postprandial, and to refrain from consuming caffeinated drinks in the 6 h before testing. The methods employed during this study were approved by the institutional research ethics committee, and all participants and their parents/guardians gave written, informed consent and assent, respectively.
Experimental procedures. Each participant completed two ramp incremental tests to volitional exhaustion on separate days, one on a cycle ergometer (Lode Excalibur Sport) and one on an upper body ergometer (Lode Angio). Before each test, the handle bar height, seat height, and crank length (cycle ergometer), and the seat height and distance (upper body ergometer) were adjusted to suit each child.
After a 3-min warm-up, the resistance increased at a predetermined rate to attain a test duration of 8 -12 min. The rate for cycle ergometry was 15, 20, or 25 W/min for Pre, Pub, and Post girls, respectively, and 6, 10, or 14 W/min, respectively, for the upper body ergometry. Throughout the tests, the girls were instructed to maintain a cadence of 70 and 50 rpm for the cycle and upper body ergometers, respectively. Peak efforts were considered to have been given if, in addition to subjective indications, such as sweating, hyperpnea, and facial flushing, there was a consistent reduction in cadence, despite strong verbal encouragement. The peak work rate was defined as the work rate attained at the point of test termination.
Experimental measures. Throughout each test, breath-by-breath gas exchange and ventilation (Metalyser 3B Cortex, Biophysik, Leipzig, Germany) and heart rate (HR) (Polar S610, Polar Electro Oy, Kempele, Finland) were measured and displayed online. Before each test, the gas analyzers were calibrated using gases of known concentration, and the turbine volume transducer was calibrated using a 3-liter syringe (Hans Rudolph, Kansas City, MO). The delay in the capillary gas transit and analyzer rise time were accounted for relative to the volume signal, thereby time aligning the concentration and volume signals.
Q and SV were determined noninvasively throughout the exercise test using a thoracic bioelectrical impedance device (PhysioFlow, PF-05 Lab1, Manatec Biomedical), previously validated in both adult (8, 38) and pediatric populations (61) . Although the device has not previously been used during upper body exercise, it has been validated in a wide range of populations (from healthy to diseased), following a variety of interventions, and with different electrode placements, and there is no reason to expect that the device could not be applied to evaluate cardiovascular responses to upper body exercise. The electrodes were positioned on the forehead, neck, xiphoid process, and on the left-hand side lower ribs, avoiding the abdominal muscles, as suggested to be appropriate for young participants (61) . Before testing, blood pressure was measured by the same researcher in triplicate using a manual sphygmomanometer with the participant seated at rest. The mean systolic/diastolic blood pressure was entered into the Physioflow following autocalibration, which was conducted with the participant seated at rest on the ergometer.
Additionally, the oxygenation status of the right m. vastus lateralis (cycle) or right m. tricep brachii (upper body) was monitored using a commercially available near-infrared system (Portamon, Artinis Medical Systems). This system consists of an emission probe, which has three light sources and emits two wavelengths of light (760 and 850 nm), and a photon detector. The intensity of incident and transmitted light was recorded continuously at 10 Hz and used to estimate the concentration changes relative to baseline levels for oxygenated, deoxygenated ([HHb]), and total hemoglobin. The [HHb] was used as an indicator of O2 extraction within the field of interrogation (14, 16, 19) . The contribution of myoglobin to the near-infrared spectroscopy signal is currently unresolved (25, 46) . Therefore, the [HHb] signal described herein should be considered to refer to the combined concentration of both [HHb] and myoglobin. The muscle was initially cleaned, and the portable probe was strapped to the skin at the midpoint of the muscle using physiotherapists' tape (Kinesio Tex Gold). To ensure the device remained stationary during exercise and to minimize the interference of extraneous light with the near-infrared signal, a bandage was wrapped around the arm/leg, enclosing the probe.
Data analysis. The gas-exchange data were interpolated to 1-s intervals, and peak V O2 was taken as the highest 10-s stationary average during the test. The gas exchange threshold (GET) was determined by the V-slope method (2) as the point at which carbon dioxide production began to increase disproportionately to V O2, as identified using purpose-designed software developed using Lab-VIEW (National Instruments, Newbury, UK). The kinetics of the initial V O2 adjustment to the ramp incremental test were also analyzed by determination of the mean response time (MRT). This was calculated as the time from the onset of the ramp-forcing function to the intersection point between the baseline V O2 and a backwards extrapolation of the slope of V O2 as a function of time. The baseline V O2 was defined as the average V O2 during the last minute of unloaded pedaling before the onset of the ramp function. ]}, where a represents the baseline corrected amplitude, and c is a constant dependent on d (the slope of the sigmoid), whereby c/d reveals the x value that yields 50% of the total amplitude, to a hyperbolic model [Y ϭ ax/(b ϩ x)], where a is the asymptotic value, and b is the x value corresponding to 50% of the response amplitude (4, 5) . Curve fitting was conducted using the [HHb] response normalized to the end-exercise amplitude as a function of percent peak power. The best fitting model was determined on the basis of the R 2 values, the residual sum of squares, and the F value.
The influence of body size was accounted for using analysis of covariance on log-transformed data to determine the allometric relationship between body mass and peak V O2 and between body surface area and peak SV and Q (58). Common allometric exponents were confirmed for all groups, and power function ratios (Y/X b ) were computed. Body surface area was calculated according to the equations of Haycock et al. (20) .
A two-way ANOVA with repeated measures was used to analyze training status and exercise modality effects. Subsequent independent or paired samples t-tests with a Bonferroni correction were employed as appropriate to identify the location of significant differences. The interaction of training status and sexual maturity status was investigated for those parameters influenced by training status using a factorial ANOVA. Pearson product-moment correlation coefficients were used to assess the strength of relationships between variables. All data are presented as means Ϯ SD. Statistical significance was accepted when P Ͻ 0.05.
RESULTS
Anthropometric characteristics were similar for the T and UT girls within each sexual maturity group (Table 1) . The age and stature of the girls in each maturity group were significantly higher relative to the younger group. All of the girls in the Pre group were characterized as Tanner stage 1, while the Pub girls were stages 3 and 4, and the Post girls were stage 5.
Effects of training. The differing ramp rates between maturity stages resulted in similar total test durations in both T and UT girls during cycle (T: Pre, 11.5 Ϯ 1.9 vs. Pub, 13.5 Ϯ 2.1 vs. Post, 12.3 Ϯ 2.0 min; UT: Pre, 9.7 Ϯ 1.4 vs. Pub, 9.5 Ϯ 1.6 vs. Post, 9.2 Ϯ 1.8 min; all P Ͼ 0.05) and upper body ergometry (T: Pre, 10.1 Ϯ 2.0 vs. Pub, 12.8 Ϯ 1.6 vs. Post, 9.8 Ϯ 1.5 min; UT: Pre, 9.8 Ϯ 2.1 vs. Pub, 8.3 Ϯ 1.6 vs. Post, 8.4 Ϯ 1.0 min; all P Ͼ 0.05).
As shown in Table 2 , peak V O 2 was significantly higher in the T girls in all three maturity groups for both exercise modalities. These differences existed when either ratio or allometric scaling was applied. In contrast, the influence of training status on the GET was dependent on the method of expression. When expressed as absolute V O 2 , the GET was higher in the T girls in all maturity groups during both cycle and upper body ergometry. However, when expressed as a fraction of peak V O 2 , the differences were no longer significant, with the exception of the Pre maturity group, where a significantly higher GET was still present in the T girls. Further influences of training status were evident in the shorter MRT for both exercise modalities for all maturity groups.
The estimated peak (a-v )O 2 difference was not influenced by training status for either exercise modality in any maturity group. However, a higher peak Q was observed in the T girls, and this reached significance in both the Pub and Post girls. An elevated Q may be attributable solely to an increased peak SV in the T girls during both cycle and upper body ergometry, as peak HR was not influenced by training status, as summarized in Table 3 .
The SV and [HHb] response patterns were influenced by training status in all maturity groups. SV evidenced a linear response in T girls (proportion of linear responses, cycle: Pre 100%, Pub 86%, Post 100%; upper body: Pre 75%, Pub 92%, Post 100%) compared with a curvilinear response in UT girls (proportion of curvilinear responses, cycle: Pre 80%, Pub 93%, Post 90%; upper body: Pre 80%, Pub 93%, Post 88%), (Fig. 1) . The response pattern was not influenced by the method of expressing SV; therefore, absolute values are presented. The response pattern was also not influenced by maturity status or exercise modality; therefore, the SV response illustrated in Fig.  1 Values are means Ϯ SD; N, no. of subjects. *Significant difference relative to previous maturity stage within trained or untrained girls; †significant difference between pre-and postpubertal girls: P Ͻ 0.01. Interaction between maturity and training status. The magnitude of training status differences was similar in all three maturity groups, and, consequently, neither the pulmonary nor the cardiovascular parameters revealed any interaction between training status differences and maturity. A significant interaction between training status and maturity was found for peak work rate during both modalities, however, with a greater difference between T and UT Pub (cycle: 21%; upper body: 24%) and Post (cycle: 14%; upper body: 28%) girls compared with Pre girls (cycle: 11%; upper body: 8%).
DISCUSSION
The main findings of this investigation were that a higher peak V O 2 , Q , and SV existed in the T participants in all three maturity groups, although SV and Q were only significantly Values are means Ϯ SD; N, no. of subjects. V O2, oxygen uptake; RER, respiratory exchange ratio; GET, gas exchange threshold; MRT, mean response time. *Significant difference between trained and untrained girls within an exercise modality and maturity group; ‡significant difference relative to previous maturity group within trained or untrained girls; †significant difference between pre-and postpubertal girls within trained or untrained children: P Ͻ 0.01. Values are means Ϯ SD; N, no. of subjects. Q , cardiac output; SV, stroke volume; HR, heart rate; (a-v )O2 diff, arterial-venous oxygen difference. *Significant difference between trained and untrained girls within an exercise modality and maturity group; ‡significant difference relative to previous maturity group within trained or untrained girls; †significant difference between pre-and postpubertal girls within trained or untrained children: P Ͻ 0.01.
higher in the T Pub and Post girls. Interestingly, the SV response pattern was dependent on training status, with a linear response in T girls compared with a nonlinear response in UT girls (i.e., initial rise followed by a plateau) across all three maturity groups. The pattern of the [HHb] response was also influenced by training status, demonstrating a significant rightward shift in the sigmoidal response in T compared with UT girls in all three maturity groups. Finally, no interactions between the magnitude of training differences and maturity status were evident in the cardiopulmonary or metabolic responses to exercise. These findings, therefore, suggest that there is no maturational threshold beyond which training status effects become more manifest.
The higher peak V O 2 in the T girls agrees with some previous studies in Pre (26, 32, 40) and Pub girls (7, 44) , but this is the first study to investigate the influence of training status on the peak V O 2 in early Post girls. An increased peak V O 2 in T participants is generally associated with an increased peak SV and, consequently, an increased peak Q (30, 33, 43) , as we found in the present study for Pub and Post girls and for which there was a trend in the Pre girls. Also, in agreement with previous studies (30, 33, 41) , peak HR and (a-v )O 2 difference were not influenced by training status, indicating that the increased peak V O 2 was predominantly related to an elevated SV and Q .
The significant influence of training status on the relative GET in Pre girls contrasts previous reports in prepubertal children (9, 31, 62) , while the lack of training status effect in Pub girls disagrees with an earlier study in adolescents (27) . No studies are available that have specifically investigated the influence of training status in Post girls, but the current findings differ from those in adults (6, 47) . The reason(s) for these contradictory results is (are) unclear; however, they do not support the concept of a maturational threshold. The faster MRT exhibited by the T girls in all three maturity groups during both exercise modalities agrees with studies reporting faster V O 2 kinetics in trained prepubertal children (62), pubertal adolescents, (27) and adults (1, 17, 24, 37 ).
The quantitative differences in SV according to training status in children are widely attributed to morphological adaptations of the myocardium, including an increased left ventricular dimension and mass and intraventricular and posterior wall thickness (e.g., Refs. 3, 30, 40) . However, the current results indicate both quantitative and qualitative differences according to training status, thereby suggesting an additional or alternative functional basis for the higher SV in trained children. The qualitative differences were observed in the SV response pattern, which demonstrated the commonly reported initial increase in SV until 40 -50% peak V O 2 , followed by a plateau until exhaustion in the UT girls, but a progressive, linear increase in SV until exhaustion in the T girls. These differences were independent of maturity status and exercise modality. Although a progressively increasing SV is less commonly reported, it has been observed previously in trained prepubertal children (42) , pubertal boys (55) , and adults (e.g., Refs. 11, 56) . A common feature among these studies is the high training status of the subjects, especially compared with training intervention studies. The mechanistic basis of these functional differences with training status is unclear. While an enhanced diastolic filling has been suggested as the most likely mechanism in adults, the relative contribution of upstream and downstream factors to this effect remain to be resolved (39) , and the appropriateness of this explanation to younger populations is unclear.
The superior fit of the sigmoidal compared with the hyperbolic model to the [HHb] response in T and UT girls during both exercise modalities is in agreement with adult studies (5). This sigmoidal [HHb] response reflects the nonlinear relationship between O 2 delivery and utilization at the muscle due to a relatively more rapid increase in O 2 delivery at low compared with higher exercise intensities (16) . This variable rate of O 2 delivery to utilization may be related to 1) the mechanical effects of muscular contraction; 2) an alteration in the balance between vasodilating and vasoconstricting influences; and/or 3) changes in motor unit recruitment, with increasing exercise intensity (4, 5) . Consistent with previous findings in adults (5) , the [HHb] response pattern relative to percent peak power showed a rightward shift in the trained participants, irrespec- (5) have been suggested to be associated with the enhanced muscle oxidative capacity (21, 29) and/or greater percentage of type I muscle fibers (10, 53) reported in trained participants. The applicability of these mechanisms to the rightward shift observed in the present population is unclear. However, an elevated muscle O 2 delivery and/or greater matching of local perfusion to metabolic rate in trained children may delay the requirement for accelerated O 2 extraction during incremental exercise. At the same time, an increased muscle oxidative capacity, which has previously been reported in trained children (15, 18) , may contribute to the observed responses.
The lack of interaction between the magnitude of training differences and maturity status in all of the response parameters, with the exception of the peak work rate, was unexpected. We hypothesized that the difference between T and UT girls would increase from prepuberty to puberty to postpuberty. Instead, we found the magnitude of differences between T and UT girls to be similar in all three maturity groups (e.g., absolute cycle peak V O 2 : Pre, 18%; Pub, 22%; Post, 18% higher in T girls). Although the possible conclusions that can be drawn are limited by the cross-sectional nature of this study, these findings agree with Weber et al. (57) and Danis et al. (13) and suggest that there is no "golden" period during which training has an especially pronounced effect or a maturational threshold below which significant physiological adaptations to training cannot occur (22) . It is possible that previous reports of the presence of a maturational threshold are actually a reflection of an insufficient training volume in the younger participants, therefore artificially indicating an influence of maturation. Whether the presence, or absence, of a maturational threshold is sex or sport dependent remains to be determined. It is possible that the influence of the hormones associated with the onset of puberty may be more important in boys or in more "anaerobic" sports. However, the present results indicate that significant influences of training status are evident in girls' physiological responses to exercise even before puberty is reached and that reaching puberty is not associated with greater influences of training status being manifest.
In conclusion, training status significantly influenced the cardiopulmonary responses to exercise across all maturity stages, independent of exercise modality. Specifically, peak V O 2 was higher in the T girls during both upper and lower body exercise, a difference that is attributable to the higher peak SV and Q in T girls. The linear increase in SV in the T girls may indicate both morphological and functional influences of training status on the myocardium, which contribute to the higher peak SV. Furthermore, training status influenced the metabolic responses to incremental ramp exercise, with a relatively slower increase in estimated muscle fractional O 2 extraction in the T girls. Neither exercise modality nor maturity status influenced the magnitude of the differences between T and UT girls. These findings challenge the notion that there is a "golden period" or maturational threshold regulating the influence of training status on the physiological responses to exercise in young people.
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